† Background and Aims Litter is a key factor in structuring plant populations, through positive or negative interactions. The litter layer forms a mechanical barrier that is often strongly selective against individuals lacking hypocotyle plasticity. Litter composition also interacts with plant growth by providing beneficial nutrients or, inversely, by allowing harmful allelopathic leaching. As conspicuous litter fall accumulation is often observed under deciduous forests, interactions between tree litter and understorey plant populations are worthy of study. † Methods In a 1-year ex-situ experiment, the effects of tree litter on the growth of Anemone nemorosa, a small perennial forest geophyte, were investigated. Three 'litter quantity' treatments were defined, representative of forest floor litter (199, 356 . 5 and 514 g m 22 ), which were crossed with five 'litter composition' treatments (Quercus petraea, Fagus sylvatica, Carpinus betulus, Q. petraea + F. sylvatica and Q. petraea + C. betulus), plus a no-litter control. Path analysis was then used to investigate the pathways linking litter characteristics and components of adult plant growth. † Key Results As expected, the heavier the litter, the longer the petiole; rhizome growth, however, was not depreciated by the litter-induced petiole lengthening. Both rhizome mass increment and number of initiated buds marginally increased with the amount of litter. Rhizome mass increment was in fact determined primarily by leaf area and leaf life span, neither of which was unequivocally correlated with any litter characteristics. However, the presence of litter significantly increased leafing success: following a late frost event, control rhizomes growing in the absence of litter experienced higher leaf mortality before leaf unfolding. † Conclusions The study questions the role of litter as a physical or chemical barrier to ground vegetation; to better understand this role, there is a need for ex-situ, longer-term experiments coupled with in-situ observations in the forest.
INTRODUCTION
Competitive dominant species have long been known to exclude other potential primary space-holders; however, they are also likely to provide habitat for a variety of smaller secondary space-holder species (Bruno et al., 2003) . Positive interactions -when one organism makes the local environment more favourable for another one -have been demonstrated for many ecosystems (Bruno et al., 2003; Callaway et al., 2003; Werner and Peacor, 2003) , even though negative interactions such as predatory or competitive interactions have been documented far more frequently. Interactions between individuals or species often include both negative and positive components, and the net facilitative ( positive) or net competitive (negative) pair-wise interaction varies along a continuum from strongly competitive to strongly facilitative (Holmgren et al., 1997; Bruno et al., 2003) . In forested ecosystems, competition for light and water drives the coexistence of the main tree species; these trees are in turn likely to act as keystone species that shape the understorey plant community (Jones et al., 1997; Brooker et al., 2008) . Indeed, dominant tree species and density determine light interception, water balance (either by foliage intercepting precipitation or by root uptake), water composition (throughfall or stemflow nutrients/allelopathic content), soil chemistry and litter composition (Jones et al., 1997; Barbier et al., 2008) . Among all the facilitative and competitive interactions existing between dominant trees and ground vegetation, Molofsky et al. (2000) and Stinchombe and Schmitt (2006) emphasized that deciduous tree litter acts as a strong selective agent because it modifies the growth environment for seeds, seedlings and adult plants. The presence of a thick litter layer generally tends to reduce species diversity and biomass of ground vegetation (Xiong and Nilsson, 1999; Lamb, 2008) , via three main effects: (1) chemical effects in the upper soil -litter can release nutrients or allelopathic compounds (Facelli and Pickett, 1991; Garnett et al., 2004; Thomaes et al., 2011) ; (2) physical effects -litter modulates the level of light reaching the soil and the micro-climatic conditions (temperature, moisture) (Facelli et al., 1999; Donath and Eckstein, 2008) and also forms a barrier through which young shoots have to grow (Reader, 1991 (Reader, , 1993 Myster, 1994; Eriksson, 1995; Holderegger, 1996) ; and (3) biological effects -litter may favour specific soil (micro) flora and fauna (including small herbivores) (Facelli, 1994; Wilby and Brown, 2001; Sayer, 2006) . Trait-mediated interactions (TMIs), in which the strength and direction of interactions between species are mediated by individual phenotypic plasticity, have been demonstrated in a wide range of ecosystems (Bolker et al., 2003) . Because many plants are known to be highly plastic (Via et al., 1995) in a wide variety of environmental biotic and abiotic conditions, TMIs are of great interest in understanding plant population dynamics (Callaway et al., 2003; Ladd and Facelli, 2008) . The interaction between litter and ground vegetation is at least in part mediated by the ability of individuals to lengthen their hypocotyls in the presence of a litter layer barrier; depending on the species and its life-stage, an individual may or may not be plastic enough to cross through the litter. This TMI is likely to be strongly negative during the first stages of the plant's life (i.e. germination and recruitment) (Reader, 1991 (Reader, , 1993 Myster, 1994; Eriksson, 1995; Holderegger, 1996) , but little is known about later life stages (sexual reproduction, vegetative propagation) or perennial species (but see Sydes and Grime, 1981a, b) . Other TMIs arise because of litter composition and chemistry; litter has been shown to release beneficial nutrients (Nordén, 1994) or inversely harmful allelopathic compounds (Garnett et al., 2004) .
Based on previously reported mechanical and chemical effects of litter, we built a path model to synthesize how tree litter composition and thickness may alter the growth of adult perennial individuals from the forest understorey plant community (Fig. 1 ). This path model assumed an overall negative effect of litter, according to Xiong and Nilsson's meta-analysis showing that litter generally has negative effects on vegetation even though positive effects have been observed for long-term studies and for low litter quantities (Xiong and Nilsson, 1999) . We chose to focus our study on the herbaceous perennial understorey species Anemone nemorosa, a small clonal geophyte that is widespread in many European deciduous forests (Bossuyt et al., 1999; Mason and McDonald, 2002; Philipp and Petersen, 2007) and whose ecology is well known (Shirreffs, 1985; Baeten et al., 2010) . We hypothesized that net litter permeability -resulting from a specific quantity of litter combined with a specific shape of tree leaf -should drive plant growth patterns by constraining petiole length (Fig.1, arrows 1a and  1b) . Meanwhile, litter composition may also determine growth conditions via nutrients or allelopathic leaching (arrow 1c). We predicted that any over-allocation of resources to etiolated petioles would jeopardize future plant growth, either by increasing the mortality rate of petioles failing to cross through the litter (arrow 2a) in extreme cases, or by delaying leaf emergence (arrow 2b) and lessening leaf area (arrow 2d). We also hypothesized that the chemical properties of tree litter may either positively or negatively affect the date of leaf withering and leaf area (arrows 3a and 2b). Mortality rate, life span and leaf area were assumed to be the basic drivers of individual annual growth rate, and thus to determine the longer-term potential for growth over the following years. To test this path model, we built an experimental design crossing three litter-quantity and five tree litter-composition treatments. We then used path analysis to evaluate the reliability of the conceptual model (Shipley, 2000) .
MATERIALS AND METHODS

Study system and natural history
Wood anemone, Anemone nemorosa, is considered to be an 'ancient' forest plant, even though it may also occur in pastures or hedgerows, because of its low dispersal ability and slow vegetative growth (Philipp and Petersen, 2007) . The species is vernal with a shade-avoiding strategy: its annual long-petioled radical leaves re-sprout from the buried rhizome early in spring, before the tree canopy develops (Shirreffs, 1985; Tamm et al., 2002; Whigham, 2004) . Given the short growing season between shoot emergence and canopy closure, speed of emergence -even through thick litter layers -is critical for wood anemone, as for many other woodland forbs in deciduous forests (Suzuki and Stuefer, 1999) . Eriksson (1995) and Holderegger (1996) showed that litter removal increased germination success for wood anemone while Baeten et al. (2009) found no effect of litter and vegetation removal on either 2-year-old anemone recruits or 5-year-old recruits. These results suggest that petiole lengthening in thick litter layers could be an age-dependent plastic trait, which drives the strength and direction of the impact of dominant tree species on A. nemorosa in deciduous forests. ′ E, 48800 ′ N). Samples were dried at room temperature for 48 h and weighed in order to set the minimum and maximum amounts of litter for use in the experiment. We wanted these values to be representative of the range of litter amounts encountered under natural forest stands. The minimum value (199 g m
22
) roughly corresponded to a 20-year-old hornbeam coppice stand, whereas the maximum value (514 g m
) was taken from a nearby 150-year-old mixed beech -oak coppice-with-standards stand. These values are consistent with litter quantities used in previous studies (Sydes and Grime, 1981a, b; Facelli, 1994; Myster, 1994; Quested and Eriksson, 2006) . We defined three litter quantity treatments: light (199 g m , with the intermediate quantity corresponding to the average value between the light and heavy treatments. We then retained five litter composition treatments: three pure treatments -one each for oak, beech and hornbeam -and two 50 : 50 weight mixtures: oak + beech and oak + hornbeam. We did not retain beech + hornbeam as this mixture was absent from the study area. By crossing the three litter quantities and five composition treatments, plus an additional control treatment without litter, we obtained 16 different litter treatments. At the same time, we also harvested 384 wood anemone rhizomes in the same forest stands of the Montargis Forest. The rhizomes were carefully brushed, weighed and measured while fresh: rhizome length ranged from 1 . 1 to 25 . 5 cm and mass from 0 . 05 to 2 . 93 g, in line with Piroznikow (1994) . According to Shirreffs (1985) and Piroznikow (1994) , annual length increment of anemone seedlings is 0 . 1-0 . 3 cm during the first 3 years of age, so that our smallest rhizomes were either at least 3 years old or possibly even older in the case of segments of larger rhizomes (in practice, the two cases could not be firmly distinguished in the field). The rhizomes were then immediately transplanted into two adjacent 16-m × 1-m troughs on 14 February, in an experimental plant nursery, located in an experimental plant nursery at Nogent-sur-Vernisson (30 km south of the Montargis State Forest). Each trough was divided lengthways and widthways to form 96 squared blocks (0 . 5 m × 0 . 5 m); each of these blocks received one of the 16 litter treatments described above. Each treatment was replicated six times and evenly distributed across the troughs. Each block contained four rhizomes chosen to cover the full range in size variation. The soil was sandy-loamy and non-limiting (40 % white peat, 30 % composted pine bark, 30 % sand) and the rhizomes were planted at a depth of 2 -4 cm, with the young elongating stalk lying at approx. 0 . 5 cm below the soil surface, i.e. the depth at which they are usually found in the field (Shirreffs, 1985) . At the beginning of the experiment, the troughs were covered with shade netting to mimic the light conditions usually found under forest stands in winter (50 % of the light intercepted). At the end of April 2005, a second shade netting was added, which further limited the incidental radiation reaching the ground to around 10 %, corresponding to light conditions encountered in relatively open forests after the dominant tree leaf burst (LeDuc and Havill, 1998; Balandier et al., 2006; Leuchner et al., 2011) . As the shade nettings were rainpermeable, the experimental design was not watered. The troughs were weeded manually and herbivores (essentially slugs and snails) were manually removed throughout the experiment to limit leaf predation.
Field measurements and data analyses
Regular rounds were made to record the date of ramet emergence above the litter, any ramet abnormalities ( predation, disease), and the date and cause (when possible) of leaf withering. In a former experiment in 2004, we had distinguished three stages for ramet emergence (ramet with leaf bud still oriented towards the ground; ramet with leaf in upward position and partially unfolded; ramet with completely unfolded leaf ) and three stages for leaf withering (1, yellowish leaf; 2, brownish, partially desiccated leaf; and 3, absence of leaf ). The leaf monitoring in 2004 showed that the ramets can go from stage 1 to 3 of leaf emergence within 2 d or less. This was also true for leaf withering for stages 2 and 3. Thus, the date of any first observation of a leaf, whatever its stage, was taken as the date of leaf emergence. For withering, the first date of observation of stage 1 (yellowning) or 2 ( partial desiccation) was taken as the date of leaf withering. This strategy was preferred over a putative date correction for leaf stage. To limit imprecision in the determination of leaf emergence and withering dates, visits took place every 2 -3 d between 14 February and 30 April, and every 3 -4 d between 1 May and 15 June. From 15 June onwards, rounds were made every 5-10 d. It should be noted that, had imprecision in the phenological phases occurred, although the statistical power of the test would decrease, we have no reason to think Conceptual pattern linking quantity and quality of litter to Anemone growth. Low litter permeability, i.e. loose versus tightly interwoven litter structuredepending on the shape of tree leaves -together with litter quantity would force rhizomes to produce longer petioles on average (1a and 1b). In extreme cases, the litter would become impenetrable and no leaves could emerge through it, thus increasing leaf mortality (2a). Litter chemical composition could also favour (via nutrient supply) or hinder (chemical toxicity) plant growth (3a and 3b). Ramets with longer petioles may emerge later from the litter (2b). By increasing the energy cost of leafing, a longer petiole would result in a smaller leaf (2d) and/or earlier leaf withering (2c). The chemical properties of the litter would also affect leaf area (3b) and/or date of leaf withering (3a) by improving or deteriorating the growing conditions. Higher leaf mortality (5a), shorter leaf life span (5b) and/or smaller leaf area (5c) would ultimately result in reduced rhizome growth.
it would have biased our results. Also, the duration of the emergence and withering phases was typically 2 -10 d, representing on average less than 10 % of the total leaf life span (which averaged 105 + 36 d). Leaves were photographed on 16 and 17 May to measure individual leaf area without damaging the ramet (the experiment in 2004 had shown that leaves reach their final size about 1 month after leaf emergence). Leaf area was computed using the Winfolia2005 software (Regent Instruments Inc., Quebec, Canada). As total petiole length (from rhizomes) could not be measured without disturbing rhizome growth, we used a slide calliper to measure petiole length from ground to leaf to the nearest millimetre. In November 2005, all the rhizomes were simultaneously uprooted, carefully brushed and immediately freshweighed and fresh-measured and the number of initiated buds was counted. We computed rhizome mass increment and rhizome length increment as the difference between initial and final rhizome fresh weight and rhizome fresh length, respectively. Given that, at up-rooting, some rhizomes had been dormant for several months and others for a few weeks only, we cannot rule out that part of the variability in final rhizome mass stems from differences in withering dates. However, we observed a strong positive correlation (R 2 ¼ 0 . 74) between rhizome mass increment and rhizome length increment, and length increment is probably less sensitive to dormancy time than mass increment. We are therefore confident that fresh weighing did not strongly bias our results. Leaf life span was defined as the number of days between date of leaf emergence and date of leaf withering for each leaf.
Petiole length, leaf area, initial rhizome mass, rhizome mass increment and rhizome length increment were log-transformed before analyses to avoid a few very large values which might disproportionately influence results.
Univariate regressions: overall effect of litter characteristics on rhizome growth.
We first tested the effect of litter characteristics, i.e. litter vs. no litter, litter quantity treatments, litter composition treatments and the interaction between litter quantity and litter composition, on leaf mortality. To do so, we excluded all unhealthy rhizomes (fungus-infested or damaged by predators) from the dataset.
We then tested the overall effects of litter characteristics on rhizome growth as estimated by either rhizome mass increment, rhizome length increment or number of initiated buds. We further excluded from the dataset all rhizomes that had established a single leaf that grew unhealthily for more than 22 % of its life span. We also excluded rhizomes for which the leaf area was unknown (i.e. the leaf had already disappeared before the day measurement occurred). Rhizomes with more than one leaf or with flowering stalks were too few to be studied separately and were also excluded from the dataset.
We tested the overall effects of litter characteristics with linear mixed models and generalized mixed models which accounted for the spatial dependence among rhizomes (i.e. the four rhizomes per block) by incorporating a random block effect (glmer, lmer, anova functions of R software; R version 2 . 11 . 0, http://www.r-project.org/, lme4 package). We used chi-square tests to assess the fitness of our models by comparing the log likelihood of the models with the log likelihood of associated null models (assuming random effects only) (Pinheiro and Bates, 2000) . Leaf mortality was modelled according to a binomial distribution, the number of initiated buds according to a Poisson distribution, and rhizome mass/ length increments according to a normal distribution.
Path analysis.
We tested the consistency of our hypothesized path diagram using path analysis. Our data did not satisfy the multinormality condition necessary to perform the usual tests based on the maximum-likelihood function from expected and observed covariance matrices. Indeed, litter composition and litter quantity were discrete variables; moreover, litter quantity was non-ordinal. Even though violating the multinormality assumption has limited consequences on parameter estimations, the overall fitness test for path models strongly relies on multi-normality (Bollen, 1989) . We therefore used directional separation tests (d-sep tests) on our model (Shipley, 2000 (Shipley, , 2009 Thomas et al., 2007; Cobb et al., 2010; Beguin et al., 2011) .
These d-sep tests make it possible to test the fitness of path models, first by building a path diagram to describe how variables are causally related to each other, and then by testing the likelihood of the real observed data being generated by such a causal process. In a path diagram, directed edges (lines and arrows) connect variables that are hypothesized to be causally related (A B, or B A). Using d-sep tests further requires that the path diagram be a direct acyclic graph (DAG), which is a particular path diagram without any feedback relationships (as opposed to directed cyclic graphs with feedback: A B C A; see Shipley, 2000) . If the observed covariation among variables is not likely to reflect a process such as the network described in the path diagram, this would result in a lack of fit and the model can be rejected. Alternatively, if one cannot reject the hypothesis that the pattern of covariation among variables mirrors the causal web described in the model, the underlying causal pathway is not likely to be false, and the fitness of the model will be good (Thomas et al., 2007; Beguin et al., 2011) .
In the DAG, two connected variables are stated to be dependent on each other, and more importantly two unconnected variables are stated to be independent of each other, after accounting for the effects of all 'parent causal' variables. For instance, X Y Z would mean that X and Z are independent when Y is held constant (i.e. Z should not be significantly related to X when Y is already accounted for). Parent causal variables of the pair (X, Z) are the set of other variables in the model that are direct causes of either X or Z; in the example above, Y is a parent variable of Z, while X has no parent variable because any variable that may have cause X lies outside the path diagram. The d-sep method consists, in fact, in testing together at once all the independent relationships among all the unconnected variables in the DAG. We call Shipley's basis set the set of k independent statements implied by the path diagram that must prove true for the model to be considered as true. In Shipley's basis set, each independent statement among a pair of variables (X i , X j ) is tested separately. After testing the k independent statements among unconnected variables, the k probabilities are combined in a C index defined as C ¼ -2Sln( p ij ), where p ij is the probability of the pair (X i , X j ) being independent. Finally, the consistency of the model is tested using Fisher's C test (Shipley, 2000) , i.e. the C index should follow a chi-square distribution with 2k degrees of freedom. A non-significant C value means that the set of independent statements cannot be rejected, and thus that the model fits the data.
We used linear models (lm and anova functions in R) to test the conditional independent statements implied by our hypothesized path diagram (see Fig. 3 after model simplification). We fitted these independent statements with fixedeffects-only models because the initially pseudo-replicated design became strongly unbalanced after we removed all unhealthy leaved, more-than-one-leaved or flowering rhizomes. For this reason, most of our models could not be fitted to account for the random effect of the blocks, especially those with more than one fixed explanatory variable.
In addition to each variable alone, we included a two-way interaction between leaf area and leaf life span in all the models. This two-way interaction variable was computed as the product leaf area × leaf life span. The conceptual model was progressively simplified using Akaike's information criterion (AIC).
RESULTS
Leaf phenology and mortality
The first leaves were observed on 21 March 2005 (hereafter day 1), while the last leaves disappeared on 31 October (day 225). Several remarkable but unexceptional weather events oc- Of the 384 initially planted rhizomes, 34 were unhealthy (fungus or herbivore attack) and nine were excluded because of unreliable measurements. Of the remaining 341 rhizomes, 81 failed to establish a leaf, 232 sent up a single leaf, 12 sent up two leaves, 15 sent up a single flower, and one sent up one leaf and one flower. Only 196 one-leaved healthy rhizomes had their leaf intact for at least 78 % of their life span (see Table 1 for the final rhizome sample size per treatment), and only 145 were photographed (the remaining leaves had already vanished by the date pictures were taken). Mean values for the phenological and morphological variables studied are given for the 16 treatments in Supplementary Data Table S1 . Logistic regressions on the 341 healthy rhizomes showed that leafing success was significantly lower in the absence of litter (x 2 1 ¼ 8 . 67, P ¼ 0 . 003, Table 1); however, whenever litter was present, there was no effect of either litter quantity, litter composition or their two-way interaction on leafing success (x 2 14 ¼ 13 . 27, P ¼ 0 . 5). Rhizomes that failed to establish a leaf had a significantly lower mass increment (x 2 1 ¼ 74 . 7, P , 0 . 001) and initiated significantly fewer buds than rhizomes that sent up one leaf (x 2 1 ¼ 60 . 1, P , 0 . 001).
Overall tests of the direct effects of litter on rhizome growth showed that neither litter composition nor the interaction litter composition × litter quantity affected rhizome growth (as estimated by either rhizome mass increment, rhizome length increment or number of initiated buds). However, the number of initiated buds marginally increased with litter quantity alone (x 2 3 ¼ 6 . 76, P ¼ 0 . 08, Fig. 2A ). The same results were also found for rhizome mass increment (x 2 3 ¼ 6 . 4331, P ¼ 0 . 09, Fig. 2B ).
All three rhizome growth estimators, i.e. rhizome length increment, rhizome mass increment and number of initiated buds, were highly correlated, especially rhizome mass increment with rhizome length increment (Pearson's r 2 ¼ 0 . 74) and rhizome mass increment with number of initiated buds (GLM Poisson model of number of initiated buds respective to the rhizome mass increment: x 2 1 ¼ 127 . 46, P , 0 . 001). We therefore chose to present the path analysis results for rhizome mass increment only, because the results for both the number of initiated buds and rhizome length increment were very similar.
Determinants of rhizome growth
Figure 3 presents the initial model tested, and Fig. 4 presents the best-fit model, which provided a strong fit with the data. Among the independence statements implied by our best-fit path model, one reached significance at a 0 . 05 confidence level [(X5;X1X2)|{X1;X3}, P ¼ 0 . 03, Table 2 ], i.e. petiole length may not be independent of the interaction (litter composition × litter quantity). However, the model regressing petiole length on litter quantity plus the interaction (litter composition × litter quantity) had a higher AIC value than the model involving litter quantity alone (DAIC ¼ 3 . 18). Therefore, we preferred to omit this weakly supported relationship between treatment and petiole length from the final model. This choice is further supported by the overall fitness of our path diagram, which excluded the interaction as an exogenous variable. (9) 13 (7) 11 (8) 14 (8) 16 (10) Intermediate 16 (12) 13 (11) 14 (11) 13 (11) 9 (8) Heavy 7 (6) 14 (11) 10 (7) 11 (7) 12 (11 Litter acted essentially via a physical pathway (Table 2 , Fig. 4 ), as the model postulates no effect of either litter composition alone or the interaction litter composition × litter quantity on any variable. Date of leaf emergence and leaf area -but not petiole length -were independent of litter quantity, which means that litter acted on those variables mainly through petiole lengthening. The longer the petiole, the later the date of leaf emergence, which is consistent with our hypothesis (Fig. 1) . However, even after accounting for allometric relationships (i.e. larger rhizomes produce longer petioles and larger leaves), longer petioles were still associated with larger leaves. Earlier leaf emergence was also associated with larger leaves. None of the variables we considered accounted for variations in the date of leaf withering. In particular, longer petioles did not imply earlier leaf withering as we had initially hypothesized. Finally, rhizome mass increment was significantly correlated with leaf area, leaf life span, the product leaf life span × leaf area ( positive correlations), and with the initial rhizome mass (negative correlation). Adjusted R 2 for the multiple regression with rhizome mass increment as a dependent variable was 0 . 79; AIC model selection showed that this four-variable regression could not be modified or simplified. This model was far better than the previously mentioned model relating rhizome mass increment only to litter quantity (DAIC ¼ 210 . 7).
Because the analyses based on the 15 treatments crossing litter quantity to litter composition showed that only litter quantity effectively contributed to the model, we computed a second model with litter quantity as a four-level categorical variable, and included the 'no litter' treatment. This model ( presented in Supplementary Data Fig. S1 ) provided very similar results to those of the previous model (Fig. 4) . 
DISCUSSION
Our main results show that litter had unexpected positive effects on rhizome growth, and that the plants were plastic enough to lengthen their petioles without a depreciative effect on future growth. Rhizome growth relied strongly on both leaf area and leaf life span, the two variables being poorly predicted by litter characteristics. In particular, the observed effects of litter quantity on rhizome growth were weaker than expected and, more surprisingly, these effects were just the reverse of what we had hypothesized; they therefore lie outside our path model (Figs 1 and 4) . Indeed, whereas we had hypothesized that a litter carpet would jeopardize rhizome growth by lowering leafing success (Fig. 1, arrow  2a) while increasing the energy cost of leafing (Fig. 1 , arrows 2c and 2d), we found no effect of litter quantity on emergence success. In fact, the mere presence of litter drastically increased leafing success, probably by protecting young elongating shoots from freezing. Indeed, a late frost occurred at the beginning of our experiment, at a time when bud burst was imminent. This is consistent with Caldwell (1969) , Givnish (1982) , Facelli and Pickett (1991) and Donath and Eckstein (2008) who emphasized the role of thermal protection provided by litter for spring ephemeral geophytes. Under natural conditions, individual rhizomes may escape recurrent frost damage (as well as drought damage) by rooting deeper in the soil, although this phenomenon must still be properly demonstrated. In a pot experiment, however, Hietalahti and Buckley (2000) found hardly any effect of planting depth (from 5 to 15 cm deep) on anemone rhizome survival and growth. The relationship between petiole length and leaf area (Fig. 1, arrow 2b ) turned out to be more complex than expected, i.e. even when accounting for allometric relationships (larger rhizomes produce larger leaves), leaves with longer petioles were also larger, which contradicts our hypothesized causal pattern. Yet complex relationships link rhizome size, petiole length, date of leaf emergence and leaf area, preventing us from proposing a convincing physiological mechanism to explain the positive correlation between petiole length and leaf area. However, we can conclude that the cost of lengthening a petiole was probably low in our experiment. Other studies have found that lengthening stems is not necessarily associated with smaller leaves and/or lower growth of individuals (Ballaré et al., 1991; Vermeulen et al., 2009) . Philipp and Petersen (2007) removed young leaves and flower stalks from anemones early in spring and observed that in most cases, the damaged rhizomes were still able to produce new leaves. Moreover, in their experiment, the annual increment of damaged rhizomes was as high as for undamaged rhizomes (although increment density was reduced). It is therefore very likely that the amount of stored reserves in anemone rhizomes is more than enough to allow a small increase in petiole length under thicker litter without limiting further leaf development. Alternatively, the quantity of organic matter allocated to the petiole may be predetermined before leaf emergence; in effect, we observed that longer petioles were thinner than shorter ones (see Supplementary  Data Fig. S2 ). Also, litter may act as a physical support that enables the rhizome to devote fewer resources to structural tissues to produce a longer petiole.
Leaf life span proved to be the main driver of indeterminism on our path model, because it was unrelated to any of the other measured variables in our experiment (Fig. 4) . Leaf preformation in anemone is a well-documented phenomenon (Shirreffs, 1985; Philipp and Petersen, 2007) , and occurs as early as April of the year before the leaf reaches its adult stage. The developmental trajectory of pre-formed organs in spring ephemerals may be determined by the growth conditions in the year of bud initiation (Watson, 2008) ; it is well known, for instance, that floral induction in A. nemorosa is stimulated by the light conditions the year before flowering (Shirreffs, 1985; Philipp and Petersen, 2007) . Badri et al. (2007) state that the date of leaf withering and the duration of effective growth of the leaf may be induced by the sink strength of the storage organ in spring ephemerals, in accordance with the findings of Lapointe (2001) . In our experiment, leaf life span seemed to be intrinsically determined rather than affected by any litter treatment; it is likely that the growing conditions experienced by the rhizomes in the forest the year before transplantation partly determined the growth pattern observed the following year. The effects of litter quantity on leaf life span, leaf area and rhizome growth might have been more obvious in a multiple-year monitoring experiment. In addition, leaf life span was highly variable and relied strongly on the date of leaf withering, which ranged from 26 March to 31 October. Moreover, 35 % of the leaves were still alive by mid-July, which is exceptionally late; in natural conditions, A. nemorosa is known to wither in June (Shirreffs, 1985) . This artificially long life span was probably due to favourable soil moisture conditions under litter (Donath and Eckstein, 2008 ) because rhizomes did not have to compete for water in our experimental design. However, it is likely that rhizomes growing side by side with large trees and herbaceous plants in natural conditions experience stronger water stress. Concluding from our ex-situ experiment that leaf life span does not depend on litter characteristics would be quite bold, because litter characteristics are not independent of the identity and density of neighbours in natural conditions. The artificially long leaf life span in our experimental design could also have been induced by favourable light conditions (10 % incidental light) as the incidental radiation reaching the ground in natural temperate forest conditions may be less than 4 -5 % under Fagus sylvatica or Carpinus betulus stands (LeDuc and Havill, 1998; Leuchner et al., 2011) . However, Balandier et al. (2006) observed that light levels may reach 20 % under Quercus stands.
Litter composition proved to be of little relevance in predicting rhizome growth in our experiment. This is quite surprising as litter composition is known to affect the exchangeability and soil solution fractions of most cations (Nordén, 1994; Reich et al., 2005) , as well as allelopathic compounds (Garnett et al., 2004) . In particular, litter decomposition patterns influence soil pH (Reich et al., 2005) , and although A. nemorosa is known to tolerate a wide pH range (Shirreffs, 1985: pH 3 . 5-8 . 0) , it may nevertheless be sensitive to soil acidification below the pH 3 . 4 threshold (Baeten et al., 2010) . In addition, the growth of spring ephemerals in general and in A. nemorosa in particular may be nutrientlimited, as stated by Lapointe (2001) . Koorem and Moora (2011) observed that both litter composition alone and the two-way interaction litter composition × litter quantity significantly affected seedling emergence of forest perennial forbs, and Falkengren-Grerup et al. (1995) , Van Oijen et al. (2005) and Baeten et al. (2010) found that A. nemorosa in natural forests preferentially grows under certain forest tree species or on soils with particular chemical compositions. The lack of a litter composition effect in our study may relate to the fact that litter decomposition is a slow process; the timescale of our experiment may have been too short to cause measurable differences in Anemone growth with respect to litter composition. As stated by Reich et al. (2005) , litter composition and chemistry influences degradability, which in turn eventually affects litter quantity. For instance, hornbeam litter decomposes faster than oak or beech litter (Yang and Shim, 2003; Hobbie et al., 2006) . Hence, the amount of litter is probably not independent of its composition in many, if not most, natural conditions. Moreover, several studies have emphasized that litter decomposition rates depend on the interactions between litter composition (number and/or nature of species) and (1) soil properties, (2) existing plant species, (3) stand age/successional stage, (4) time since the beginning of humus formation (Godefroid et al., 2005; Jonsson and Wardle, 2008; Nilsson et al., 2008) and (5) soil fauna (Ampoorter et al., 2011) . In our experiment, which we deliberately designed with more emphasis on negative than on positive effects of litter, we observed considerable plasticity in the case of Anemone: rhizomes in different litter compositions displayed the same range in growth. However, our experimental design may have been somewhat simplistic, and under more realistic growing conditions, litter composition might have had more influence. In addition, we chose to focus on rhizomes longer than 1 cm which had already survived the germination and, most probably, also the recruitment stages. However, the effect of litter on Anemone germination rate and early life stages may be negative in field conditions (see Eriksson, 1995; Holderegger, 1996) , although Baeten et al. (2009) found no effect of litter and vegetation removal on either 2-or 5-year-old Anemone recruits.
Conclusions
Contrary to our expectations, the effects of tree litter we observed in our ex-situ, 1-year experiment were rather positive on adult plant growth, even if the magnitude of the observed effect was weak. Petiole lengthening was apparently costless and rhizomes displayed high plasiticity in this trait, which probably explains why Anemone populations usually grow well under litter in deciduous forests. However, the direction and strength of these effects are likely to be context-dependent (Werner, 1992; Ladd and Facelli, 2008) , i.e. biotic (identity of neighbours, higher order species interactions, herbivory) and abiotic (soil and climate) conditions. In addition, a 1-year experiment may have been too short to observe the long-term cost of repeatedly lengthening the petiole over several growing seasons. Lastly, litter continuously influences plant populations over their whole life cycle and its effect is likely to vary among plant life-stages. To our knowledge, the influence of litter on forest perennials at the reproductive stage has not yet been studied. Investigating this question would provide better understanding of how litter positively or negatively interacts with the population dynamics of understorey forest plant species. SUPPLEMENTARY DATA Supplementary data are available online at www.aob.oxford journals.org and consist of the following. Table S1 : leaf phenology and morphology among litter treatments. Fig. S1 : standardized path coefficients for significant paths included in the model linking litter quantity to rhizome growth. Fig. S2 : photographs of the experiment.
